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Magnetite (Fe3O4) thin fims have been grown epitaxially on ZnO and MgO substrates using
molecular beam epitaxy. The film quality was found to be strongly dependent on the oxygen partial
pressure during growth. Structural, electronic, and magnetic properties were analyzed utilizing
Low Energy Electron Diffraction (LEED), HArd X-ray PhotoElectron Spectroscopy (HAXPES),
Magneto Optical Kerr Effect (MOKE), and X-ray Magnetic Circular Dichroism (XMCD). Diffraction
patterns show clear indication for growth in the (111) direction on ZnO. Vertical structure analysis
by HAXPES depth profiling revealed uniform magnetite thin films on both type of substrates.
Both, MOKE and XMCD measurements show in-plane easy magnetization with a reduced magnetic
moment in case of the films on ZnO.
PACS numbers: 79.60.Dp, 79.60.Jv
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I. INTRODUCTION
The realization of spintronic devices, such as spin-
transistors or spin-valves, strongly depend on the avail-
ability of new materials that combine both ferromag-
netic and semiconducting properties.1 Besides the incor-
poration of magnetic impurities into a semiconducting
host as in the so-called diluted magnetic semiconductors,
the controlled injection of a spin-polarized current using
ferromagnet-semiconductor heterostructures is a promis-
ing approach.2,4 Applications in this field are, e.g., spin-
polarized light-emitting diodes and lasers.5,6 Fe3O4/ZnO
hybrid systems should suit this purpose especially well.
Semi-metallic magnetite (Fe3O4) is a ferrimagnet and
predicted to possess a fully minority spin polarized Fermi
surface. Since its Ne´el temperature lies well above am-
bient temperature it is one of the most promising candi-
dates as a spin-injector.7 Zinc oxide (ZnO) attracts at-
tention for its application in transparent opto-electronics
since it exhibits a wide direct band gap.8
In this paper we report on the first epitaxial growth of
Fe3O4 thin films on zinc oxide (ZnO) by molecular beam
epitaxy (MBE). As reference system we also show data
on the Fe3O4/MgO system which is well documented in
the literature.14,15,16,17
II. MATERIAL REQUIREMENTS AND
PROPERTIES
There are some basic requirements for ferromagnetic-
semiconducting heterostructures that need to be met.
(i) In addition to a maximum spin-polarization in the
ferromagnet, the impedance mismatch of both materials
must be as small as possible to accomplish efficient spin-
injection.18 (ii) Spin scattering lengths in both materi-
als will sensitively depend on intrinsic properties of each
compound, device geometry, and the crystalline quality
of the heterostructure.5 I.e., homogeneous film formation
strongly depends on growth parameters like temperature,
background pressure, and lattice mismatch. This latter
point we will mainly discuss in our report.
As spin-aligning material, the iron oxide Fe3O4 stands
out with a theoretically -100% spin-polarization at the
Fermi energy and a very high Ne´el temperature of
TN=858K.
19,20 However, depending on the crystal qual-
ity and surface orientation experiments show a spin-
polarization only between -55% and -80%.21,22 The fer-
rimagnetic behavior results from anti-ferromagnetic cou-
pling of the spins in the two Fe sublattices of the in-
verse spinel Fe3O4 crystal structure. Theoretical and ex-
perimental analysis derive a net magnetization of 4.0µB
per formula unit.23,24 The electronic conductivity of
2.5·10−4 (Ωcm)−1 at room temperature is reasonably well
within the limit for spin-injection into a semiconductor
material.25
ZnO is currently explored due to its semiconduct-
ing properties (Egap=3.37 eV) and its potential applica-
2FIG. 1: LEED pattern (E=29.7 eV) of a ZnO substrate
showing a six-fold symmetry. The lattice constant is cal-
culated to be 3.3±0.2 A˚. The low background intensity
indicates a clean, well-ordered substrate surface.
FIG. 2: LEED pattern (E=50.0 eV) of a Fe3O4 thin film
grown on ZnO substrate. The hexagonal symmetry im-
plies a growth in (111) direction of the Fe3O4 film. The
surface exhibits no reconstruction, but reasonably sharp
spots and low background intensity hinting to single crys-
tal quality.
tion in various oxide-electronic devices.8,11 Despite the
large lattice mismatch (aZnO=3.25 A˚) with respect to the
Fe3O4 (111) surface (b111=5.92 A˚), the oxidic character
itself and first reports of the successful growth of Fe3O4
films on ZnO by pulsed laser deposition justify the at-
tempt to grow these films by MBE.9,10,11
III. GROWTH AND IN SITU
CHARACTERIZATION BY LEED
There are two different approaches to grow iron ox-
ide films epitaxially by MBE. First, pure iron thin films
can be grown on substrates under ultra high vacuum
conditions followed by post-oxidation at the appropriate
temperatures and oxygen partial pressures. Another ap-
proach is the growth in oxygen atmosphere. In this case
the desired oxidation is already achieved during growth
and a more uniform film growth could be expected. Fur-
thermore, oxygen vacancies in the substrate caused by
reduction during heating in vacuum or due to oxygen
diffusion from substrate to film is avoided. If substrate
oxidation does not play a role, or even oxidic substrates
are used, the second approach is the method of choice
which we used for both Fe3O4/ZnO and Fe3O4/MgO hy-
brid systems.
For film growth an electron beam evaporator equipped
with an ultra-high purity iron rod was used. The oxygen
pressure was controlled by a leak valve, applying molec-
ular oxygen. Growth temperature was monitored ex situ
with a pyrometer. In situ characterization was done us-
ing LEED and x-ray photoelectron spectroscopy (XPS).
Films were grown on ZnO(0001) and MgO(111)
(Mateck, Germany) substrates. Both substrates were
cleaned ex situ using organic solvents. In situ treat-
ment included several cycles of ion-etching and anneal-
ing up to T=975K. As last step, both substrates were
annealed at T=775K and in an oxygen partial pressure
of p(O2)=5·10
−7mbar for 15min.
The Fe3O4 film on MgO was grown at T=580K and an
oxygen partial pressure of p(O2)=2.5·10
−7mbar. From
measurements of the iron flux via a calibrated fluxme-
ter in the electron beam evaporator film thickness was
estimated to be 18±4nm. The magnetite film on ZnO
was grown at the same temperature. The oxygen pres-
sure was kept at p(O2)=5·10
−6mbar for the first 10min
and reduced to p(O2)=1·10
−6mbar for the remaining
growth duration (30min) to prevent over-oxidation (see
Fig. 8). Iron flux measurements gave a thickness of about
12±3nm. Both samples were cooled down to room tem-
perature without any oxygen dosing.
A typical LEED pattern of an in situ treated ZnO
substrate is shown in Fig. 1. The image is taken at an
electron energy of E=29.7 eV. Similar patterns could be
obtained over a wide energy range. The pattern exhibits
six-fold symmetry with clear main spots and low back-
ground intensity. This, together with the absence of addi-
tional spots indicate a clean unreconstructed surface with
a low defect rate and small surface roughness. Analyzing
this pattern, a lattice constant of a=3.3±0.2 A˚was calcu-
lated, which fits perfectly well to literature values for the
unreconstructed ZnO(0001) surface lattice constant.11
The substrate was also checked by XPS (spectra not
shown) which showed no contaminations after treatment.
3FIG. 3: (Color online) HAXPES spectra of the Fe 2p core-
level. Upper line (blue): film grown on ZnO; lower line
(orange): film grown on MgO. The positions of the charge
transfer satellites for the Fe2+ and Fe3+ valence states are
indicated. Both spectra show the characteristic shape of
a mixed Fe2+/Fe3+ valence state as is characteristic for
Fe3O4.
FIG. 4: (Color online) Vertical profiling of the chemi-
cal structure using HAXPES: Fe 2p spectra of a Fe3O4
thin film on ZnO substrate. The spectra show no depen-
dence on photon energy and detection angle indicating a
homogenous film. Neither the interface sensitive spectra
(blue, upper line) nor the surface sensitive spectra (green,
lower line) show any other Fe oxidation state.
Figure 2 shows the LEED pattern of a Fe3O4 film on
ZnO, taken at an energy of E=50.0 eV. Like the sub-
strate pattern it exhibits a six-fold symmetry. Clearly
visible is a variation in spot intensity and width which
was not present in the substrate pattern. This pattern
of differently bright spots is commonly ascribed to the
unreconstructed Fe3O4(111) surface.
12,13 The low back-
ground intensity and comparably sharp spots, that could
be obtained all over the sample, indicate epitaxial growth
and a long range order of the film. However, in compar-
ison to LEED patterns of Fe3O4 on MgO that are well
documented in the literature, spots are less sharp, and no
reconstructions were found for the films on ZnO.15,17 This
could be a hint to a slightly increased surface roughness
for the films on ZnO, which indeed could be confirmed
by AFM images (not shown). The hexagonal symme-
try clearly suggests a growth in (111) direction. As a
guide for the eye the unit cell is sketched in the pat-
tern. The lattice constant b can be determined to be
5.96±0.2 A˚ which compares well with values for the (111)
surface in the literature.9,26
IV. ELECTRONIC AND CHEMICAL DEPTH
PROFILING
HAXPES measurements were performed at the
KMC-1 beamline at Helmholtz Zentrum Berlin (BESSY
II) using the HIKE endstation. All samples were trans-
ferred under argon atmosphere between the vacuum sys-
tems, with exposure to ambient atmosphere being kept as
short as possible. Measurements were performed without
any further surface treatment at room temperature.
HAXPES measurements of the core-levels allow for a
detailed study of the chemical composition. In addition,
it is sensitive to the oxidation/valence state. Using pho-
tons in the hard X-ray regime substrate, interface, and
film can be probed as the electron escape depth λ scales
with the kinetic energy of the photoelectrons. The effec-
tive electron escape depth also depends on the electron
detection angle θ. Thus non-destructive depth profiling is
possible, if either of these two parameters (detection an-
gle and photon energy) is varied. Film thicknesses and
sample compositions can be determined by a quantita-
tive analysis of the spectra. For depth profiling, spectra
were measured using photon energies of 3, 4, and 5 keV
and electron detection angles of θ=5◦, θ=20◦, 40◦, and
60◦ off normal emission. This results, e.g. for the Fe 2p
core-level spectra, in an information depth d=3·λ(E, θ)
between 5.7 nm and 18.9nm using the formula given by
Tanuma et al.31,32 Comparing this values to the film
thicknesses, we can extract the properties of the inter-
face, film, and surface from the measured spectra.
An energy resolution of 0.51 eV at a photon energy of
3 keV was determined by measuring the Au 4f7/2 core-
levels. All spectra were calibrated to the O 1s core-level
at 530.1 eV, as the binding energy for this particular core-
level is the same in all iron oxides and well documented
in the literature.30
HAXPES spectra of the Fe 2p core-level are displayed
in Fig. 3 and Fig. 4. The spectra show the spin-orbit split
Fe 2p3/2 and Fe 2p1/2 component at lower (710.5 eV) and
higher binding energies (723.6 eV), respectively. Remark-
able is the shoulder at the lower binding energy side of
the spectrum (708.8 eV and 721.9 eV, respectively). Note
the flat region between the spin-orbit split components.
In Fig. 3 the Fe 2p spectra of films grown on MgO (or-
ange, lower line) and ZnO (blue, upper line) are shown.
Indicated are the positions of the Fe 2p charge transfer
4FIG. 5: (Color online) Quantitative analysis of the Fe 3p
core-level spectrum for films grown on ZnO. A least squares
fit using two Voigt profiles gives an Fe3+ : Fe2+ area ratio of
(1.9 ± 0.2) : 1.
satellites that depend on the Fe valence. For example, for
the Fe 2p3/2 peak the Fe
2+ satellite occurs at 715.6 eV,
whereas the Fe3+ appears at 719.2 eV. In purely di- or
trivalent Fe compounds they are clearly visible, however,
in mixed-valent Fe3O4 they add up to the nearly flat
region between the 2p3/2 and 2p1/2 main lines, thus pro-
viding a clear spectral signature for magnetite.14,33,35
The chemical shift that is induced by the different Fe
valences (Fe2+/Fe3+, ∆E=1.7 eV), results in a shoulder
at the lower BE side of the main lines as already men-
tioned above. Due to its absolute position and its relative
shift with respect to the main line, this shoulder can be
clearly attributed to Fe2+, whereas the main peak cor-
responds to Fe3+.33 A possible non-oxidized pure iron
component can be excluded, as this would result in an
additional feature around E=707.0 eV for the Fe 2p3/2
peak, which is not present in our spectra.33,36 Both films,
on MgO and ZnO, exhibit the same features and are vir-
tually identical.
In Fig. 4, the Fe 2p spectra of an iron oxide film on ZnO
is shown for different measuring geometries and photon
energies. Thereby, the surface sensitivity increases from
the upper to the lower spectrum. The blue line (upper
spectrum) represents the most interface sensitive spec-
trum. In all spectra both core-levels are at the same bind-
ing energy and also the peak shape is identical. Compar-
ing the three measurement geometries it is quite obvious
that also in the vertical direction of the film, going from
the interface to the surface, iron is in the same oxidation
state. A higher background intensity on the higher bind-
ing energy side is observable for more surface sensitive
measuring geometries, which is due to different detection
angles and photon energies used.
Figure 5 shows the Fe 3p core-level spectrum of a film
grown on ZnO. The spectrum (squares) was measured
using a photon energy of 3 keV and a detection angle
of θ=5◦. After Shirley background correction (Shirley
background: dotted line, Shirley corrected data: circles)
a least squares fit procedure was applied using two Voigt
profiles corresponding to Fe2+ and Fe3+.34 The result-
ing peaks are at a binding energy of 56.0 eV and 54.1 eV.
The charge transfer satellites at the higher BE side have
negligible intensity for this core-level and were not in-
cluded in the fitting procedure. The relative shift of the
two fitted Voigt profiles of 1.9 eV is quite consistent with
experimental results from McIntyre et al.37 The fitting
procedure yields a Fe3+ : Fe2+ ratio of (1.9 ± 0.2) : 1,
which agrees well with the value expected for Fe3O4. The
error can be estimated to be very small, since no assump-
tions for cross-sections or inelastic mean free path of the
photoelectrons are necessary.
We were also able to determine the Fe3O4 film thick-
ness by the damping of the Zn 2p3/2 signal (not shown),
using the standard formula I = I0 ·exp(−d/λ(E) cos θ).
38
Here λ(E) is the inelastic mean free path of the photo-
electrons, cos θ the detection angle of the electrons, d
the film thickness, I and I0 the intensity of the Zn 2p3/2
core-level with and without iron oxide film. Thickness
was determined to be 10.9±1nm confirming the value
derived by flux meter measurements.
V. MAGNETIC PROPERTIES
Magnetic properties of the films were investigated near
300K by magneto-optical Kerr effect (MOKE) and x-
ray magnetic circular dichroism (XMCD), respectively.
MOKE experiments were conducted at a photon energy
of h¯ω = 1.85 eV and applied fields of up to µ0Hmax =
±0.7T in both polar (p-MOKE) and longitudinal (l-
MOKE) geometry (at 69◦ and 30◦ incidence with re-
spect to the surface normal, respectively) to probe in- and
out-of-plane magnetization components. Measurements
in longitudinal geometry (i.e. magnetization loops) were
recorded at various azimuthal orientations of the spec-
imens in order to detect in-plane magnetic anisotropy.
XMCD experiments were conducted at the PM 3 bending
magnet beamline for circular polarization at Helmholtz
Zentrum Berlin (BESSY II). Normal incidence x-ray ab-
sorption spectra (XAS) were recorded in the total elec-
tron yield mode (TEY, sample drain current) at con-
stant helicity (pcirc ≈ 0.93) and applied magnetic fields of
µ0H = ±3T. TEY magnetization curves were measured
at the first (negative) extremum of the Fe L3 XMCD
spectrum.39 To estimate the effect of TEY saturation ad-
ditional XAS spectra were recorded with linear polariza-
tion and at various angles of incidence, ranging from nor-
mal incidence up to 70◦ off normal.40 From these datasets
our estimate of the effective TEY escape depth amounts
to λel = 1.8 ± 0.5 nm which falls in the range of previ-
ously reported values (0.85 nm41, 5.0 nm42) and leads to
moderate saturation corrections. At the same time, finite
thickness effects in the TEY data can be safely excluded
for our films.
Fig. 6a displays in-plane magnetization l-MOKE loops
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FIG. 6: (Color online) Magneto-optically detected magnetization curves of Fe3O4 films grown on MgO and ZnO, respectively.
a) l-Kerr loops sensitive to in-plane magnetization. Note the negative Kerr rotation. b) Normal incidence XMCD loops sensitive
to perpendicular magnetization. Ordinate rescaled to the sum rule results obtained at ±3 T (see text).
of Fe3O4 films grown on both MgO and ZnO substrates.
Despite their different texture the qualitative behavior as
detected by MOKE is quite similar. Longitudinal Kerr el-
lipticity at h¯ω = 1.85 eV is negative in both types of spec-
imens and from a comparison with p-MOKE loops (not
shown) it follows that the surface normal corresponds
to a hard magnetization axis. The shape of the l-MOKE
loops proves nearly independent of azimuthal sample ori-
entation. Thus, irrespective of the substrate our Fe3O4
films with 11 − 18 nm thickness display little, if any, in-
plane magnetic anisotropy. At the quantitative level we
observe a number of differences in the l-MOKE loops of
the films grown on MgO and ZnO, respectively. ZnO
films possess larger coercive fields (µ0H
ZnO
C ≈ 50mT,
µ0H
MgO
C ≈ 31mT) and, at the same time, a reduced
squareness of the hysteresis cycles. The absolute mag-
nitude of the Kerr rotation is smaller by almost a fac-
tor of two with the ZnO based film which cannot be ac-
counted for by a difference in film thickness alone. We
rather conclude that magnetization is reduced in the ZnO
based films and shall confirm this reasoning based on our
XMCD measurements below.
Fig. 7 displays the Fe L3,2 absorption and circular
dichroism data obtained from a film grown on MgO. The
overall, polarization averaged absorption (not shown)
compares favorably with available published data ex-
cept for differences related to the various evaluations of
λel.
41,43 We cannot entirely exclude the formation of a
slightly increased oxidation state, i.e. the presence of
some (minor) amount of γ-Fe2O3, in particular at the
film surface. The dichroism spectrum, too, coincides well
in its general features with those published by Goering
et al.41 In particular, we note that the circular dichroism
signal extends more than 35 eV above the L2 absorption
edge. From the comparison of our data with the XAS
and XMCD spectra of Pellegrin et al.44, we estimate the
average stoichiometry of the films to be Fe2.93±0.04O4.
Evaluation of the XMCD sum rules45,46 leads to average
Fe 3d spin and orbital moments of mS,eff = 0.85µB and
mL = 0.03µB per atom, respectively. In deriving these
numbers, we have followed Goering et al.41 in assuming
an average Fe 3d electron count of 16.5 per formula unit
and accounted for the finite circular polarization of the
x-ray beam. From the TEY magnetization curves dis-
cussed above (see Fig. 6b) it is evident that the saturation
magnetization in our films is more elevated compared to
Fe3O4 single crystals.
While the overall shapes of XAS spectra and spectral
dichroism are very similar for Fe3O4 films grown on both
MgO and ZnO substrates, the XMCD magnitude is con-
siderably reduced in the latter case (see Fig. 7b), which is
in line with our previous finding of reduced Kerr rotation.
Using this result, we can scale our XMCD-derived mag-
netization curves, measured at normal incidence and thus
along the hard magnetization axes of the films (Fig. 6b).
As we expect for magnetization along the hard axis, both
films possess reduced coercive fields in their out-of-plane
loops compared to the in-plane loops. Nevertheless, as in
our MOKE measurements, the ZnO based film displays
a slightly larger coercive field (20mT vs. 15mT for the
MgO based film). Both films are not magnetically sat-
urated at the highest applied field of µ0H = 3.0T. The
corresponding high field susceptibility, while larger for
the film grown on MgO in absolute values, is neverthe-
less larger in case of the ZnO substrates when normalized
by the magnetization. Thus, on a relative scale, Fe3O4
grown on MgO is more easily saturated than is Fe3O4 on
ZnO. We shall further discuss this behavior below.
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FIG. 7: (Color online) Fe L3,2 XAS and XMCD data of Fe3O4 grown on MgO and ZnO, respectively (µ0H = ±3T). a)
Spectroscopic data for Fe3O4/MgO. A long integration range is required to reach convergence of the integrated dichroism.
41
b) Comparison of Fe L3 XMCD after growth on MgO and ZnO. While spectral shapes are similar, the XMCD response is
substantially smaller on ZnO grown films (details see text).
VI. DISCUSSION
The analysis of the HAXPES spectra and the LEED
pattern of the film clearly suggest epitaxial growth of
Fe3O4 on the ZnO substrate. Thereby, the in-plane lat-
tice parameter seems to be fully relaxed towards the mag-
netite bulk value. The relaxation of the film seems to oc-
cur within the first 3 nm as also LEED patterns of these
thin films show this lattice constant. In terms of chemical
FIG. 8: (Color online) XPS spectra of the Fe 2p core-level
of iron oxide films grown on ZnO. The spectra show that
oxygen pressure and film thickness play an essential role in
the formation of various Fe oxide phases.
composition and oxidation state, the magnetite film on
ZnO shows the same level of quality compared to the film
on MgO. Homogenous growth of the film in the vertical
direction is confirmed by HAXPES depth profiling. The
characteristic Fe 2p line shape and the Fe3+ : Fe2+ ratio
of (1.9 ± 0.2) : 1 are in line with the mixed Fe3+ : Fe2+
valence state of Fe3O4. We emphasize, that we could
achieve such a uniform phase formation only by reducing
the oxygen partial pressure during growth as described
in section III. To clarify this point XPS spectra of dif-
ferently prepared iron oxide films are shown in Fig. 8.
The spectra in the left panel show the influence of the
growth pressure on thin iron films. The oxygen pres-
sure must be sufficiently high to force the formation of
Fe3O4. A too low pressure results in the formation of
FeO, which is identified by the Fe2+ satellite peak in
the XPS spectrum (red/lower line). It seems that at
low pressure the formation of FeO is favorable due to
the smaller lattice mismatch. For thicker films, however,
the same high oxygen pressure leads to the formation
of Fe2O3. This can be seen by the comparison of the
spectra of two iron films that differ in thickness. The
thicker film (blue/upper line) in the right panel of Fig. 8
shows the appearance of the Fe3+ satellite peak structure
which indicates Fe2O3. By variation of the oxygen par-
tial pressure during growth, uniform film formation can
be achieved.
In line with the HAXPES results both XAS and
XMCD confirm the similar stoichiometric quality of the
Fe3O4 films grown on both MgO and ZnO substrates.
The magnitude of the magnetic response is consider-
ably lower for the films grown on ZnO consistently found
with both MOKE and XMCD measurements. Since both
kinds of films are not magnetically saturated at the maxi-
mum applied magnetic fields available to this study, ques-
7tions concerning magnitude and the apparent substrate
dependence of saturation magnetization cannot be set-
tled at this time. However the experimental data reveal,
that the films grown on ZnO are substantially harder
to magnetize. Clearly, the magnetization of the ZnO
based film lies below the one of its MgO counterpart
at all fields. The normalized high field susceptibility
M(Hmax)
−1 dM
dH
∣
∣
Hmax
is larger in the case of ZnO sub-
strate, indicating a stronger departure from saturation
magnetization. Since at the same time in- and out-of-
plane coercive fields are larger with ZnO substrates it is
plausible to look for a mechanism of magnetic anisotropy
as the cause of these observations. Quite obviously,
though, bulk-like magnetocrystalline anisotropy (MCA)
cannot account for our observations, since no signs of
significant MCA were found in the MOKE experiments.
Defects of various kinds including e. g. antiphase
boundaries are known to be local sources of potentially
strong magnetic anisotropy47. Locally, anisotropy at de-
fects may be associated with spin-orbit-coupling at Fe
sites with reduced symmetry. Our XMCD sum rule re-
sults do indeed provide evidence for the presence of a
significant amount of such Fe sites. The ratio of orbital
to spin magnetic moment derived from our XMCD mea-
surements, mLmS,eff ≈ 0.035, is more than a magnitude
larger than those found by Goering et al. at cleaved sin-
gle crystal surfaces.41 It appears reasonable, therefore, to
associate the relative importance of magnetic anisotropy
with the structural quality of the magnetite films. As in-
dicated above, both LEED and atomic force microscopy
characterization indicate an increased roughness of the
ZnO based films compared to those grown on MgO. Ac-
cordingly, we conclude that the films grown on ZnO,
while of similar stoichiometric quality as those grown
on MgO, possess a higher density of defects resulting in
both, a larger coercive field and a slower approach to
saturation magnetization.
VII. SUMMARY
We successfully achieved the epitaxial growth of Fe3O4
thin films on in situ cleaned ZnO substrates. The struc-
tural analysis by LEED showed a growth in (111) direc-
tion and long-range order of the films. The comparison
to films grown on MgO as well as the vertical depth pro-
filing of the chemical structure by HAXPES confirmed
a single-phase growth of the entire film. The uniform
growth was achieved by varying the oxygen pressure dur-
ing growth to avoid a reduced (FeO-like) interface and
also the formation of Fe2O3 during film growth. Both
kinds of films display in-plane easy magnetization with
little if any in-plane magnetic anisotropy. The promis-
ing results obtained in this study will be followed by a
detailed analysis of the relaxation mechanism that must
happen in the first monolayers of the interface as well as
spin transport measurements of such hybrid structures.
Acknowledgments
The authors gratefully acknowledge the technical sup-
port at BESSY. A. Mu¨ller also acknowledges financial
support by the European Science Foundation (ESF),
Thin Films for Novel Oxide Devices (THIOX). This work
was funded by the BMBF (grant 05KS7WW3) and com-
pleted within the DFG Research Unit FOR 1162 (Fa
222/5-1 and Si 851/1-1).
∗ andreas.mueller@physik.uni-wuerzburg.de
1 D. D. Awaschalom and M. E. Flatte, Nat.Phys.3, 153
(2007).
2 H. Ohno, Science 281, 951 (1998).
3 K. W. Edmonds, K. Y. Wang, R. P. Campion, A. C. Neu-
mann, N. R. S. Farley, B. L. Gallagher, and C. T. Foxon,
Appl.Phys.Lett. 81, 4991 (2002).
4 S. A. Wolf, D. D. Awschalom, R. A. Buhrman, J. M.
Daughton, S. von Molnar, M. L. Roukes, A. Y. Chtchelka-
nova, D. M. Treger, Science 294, 1488 (2001).
5 M. Holub and P. Bhattacharya, J. Phys. D. Appl. Phys.
40, R179 (2007).
6 R. Fiederling, M. Keim, G. Reuscher, W. Ossau, G.
Schmidt, A. Waag, and L. W. Molenkamp, Nature 402,
787 (1999).
7 A. M. Haghiri-Gosnet, T. Arnal, R. Soulimane, M.
Koubaa, and J. P. Renard, Phys. Status Solidi A 201,
1392 (2004).
8 D. C. Look, Materials Science and Engineering B80, 383
(2001).
9 N. G. Condon, F. M. Leibsle, T. Parker, A. R. Lennie,
D. J. Vaughan, and G. Thornton, Phys. Rev. B 55 15885
(1997).
10 A. Nielsen, A. Brandlmaier, M. Althammer, W. Kaiser, M.
Opel, J. Simon, W. Mader, S. T. B. Goennenwein, and R.
Gross, Appl. Phys. Lett. 93, 162510 (2008).
11 S. J. Pearton, D. P. Norton, K. Ip, Y. W. Heo, T. Steiner,
Supperlattices and Microstructure 34, 3 (2003).
12 N. Berdunov, S. Murphy, G. Mariotto, and I. V. Shvets,
Phys. Rev. B 70, 085404 (2004).
13 M. Ritter, W. Weiss, Surf. Sci. 432, 81 (1999).
14 C. Ruby, J. Fusy, and J.-M. R. Genin, Thin Solid Films
352, 22 (1999).
15 F. C. Voogt, T. Fujii, P. J. M. Smulders, L. Niesen, M. A.
James, and T. Hibma, Phys. Rev. B 60, 11193 (1999).
16 V. K. Lazarov, M. Weinert, S. A. Chambers, and M.
Gajdardziska-Josifovska, Phys. Rev. B 72, 195401 (2005).
17 B. Handke, J. Haber, T. Slezak, M. Kubik, and J. Korecki,
Vacuum 63, 331 (2001).
18 G. Schmidt, D. Ferrand, L. W. Molenkamp, A. T. Filip,
and B. J. van Wees, Phys. Rev. B 62, R4790 (2000).
19 A. Yanase and N. Hamade, J. Phys. Soc. Jpn. 68, 1607
(1999).
20 G. A. Samara and G. A. Giardini, Phys. Rev. 186(2), 577
8(1969).
21 M. Fonin, R. Pentcheva, Y. S. Dedkov, M. Sperlich, D. V.
Vyalikh, M. Scheffler, U. Ru¨diger, and G. Gu¨ntherodt,
Phys. Rev. B 72, 104436 (2005).
22 Y. S. Dedkov, U. Ru¨diger, and G. Gu¨ntherodt, Phys. Rev.
B 65, 064417 (2002).
23 Z. Ka¸kol and J. M. Honig, Phys. Rev. B, 40, 9090 (1989).
24 Z. Zhang and S. Satpathy, Phys. Rev. B, 44, 13319 (1991).
25 P. A. Miles, W. B. Westphal, and A von Hippel, Rev. Mod.
Phys. 29, 279 (1957).
26 M. Paul, A. Mu¨ller, A. Ruff, B. Schmid, G. Berner, M.
Mertin, M. Sing, and R. Claessen, Phys. Rev. B 79 233101
(2009).
27 Y. X. Lu, J.S. Claydon, Y. B. Xu, S. M. Thompson, K.
Wilson, and G. van der Laan, Phys. Rev. B 70 233304
(2004).
28 M. Ferhat and K. Yoh, Appl. Phys. Lett. 90, 112501
(2007).
29 S. Jain, A. O. Adeyeye, and C. B. Boothroyd, J. Appl.
Phys. 97, 093713 (2005).
30 S. Gota, E. Guiot, M. Henriot, and M. Gautier-Soyer,
Phys. Rev. B 60 14387 (1999).
31 S. Tanuma, T. Shiratori, T. Kimura, K. Goto, S. Ichimura,
and C. J. Powell, Surf. Interface Anal. 37, 833 (2005).
32 NIST Standard Reference Database 71, ”NIST Elec-
tron Inelastic-Mean-Free-Path Database: Ver. 1.1, URL
http://www.nist.gov/srd/nist71.htm.
33 S. Gota, J.-B. Moussy, M. Henriot, M.-J. Guittet, and M.
Gautier-Soyer, Surf. Sci. 482-485, 809 (2001).
34 D. Shirley, Phys. Rev. B 5, 4709 (1972).
35 T. Yamashita and P. Hayes, Appl. Surf. Science 254, 2441
(2008).
36 D. Wett, A. Demund, H. Schmidt, R. Szargan, Appl. Surf.
Science 254 2309 (2008).
37 N. S. McIntyre and D. G. Zetaruk, Analytical Chemistry
49, 1521 (1977).
38 M. P. Seah, Practical Surface Analysis, 2nd ed. (Wiley,
New York, 1990).
39 E. Goering, A. Fuss, W. Weber, J. Will, and G. Schu¨tz, J.
Appl. Phys. 88, 5920 (2000).
40 J. Sto¨hr, NEXAFS Spectroscopy, Springer Series in Surface
Sciences, Vol. 25, Springer Berlin, Heidelberg, New York
(1992).
41 E. Goering, S. Gold, M. Lafkioti, and G. Schu¨tz, Europhys.
Lett. 73, 97 (2006).
42 S. Gota, M. Gautier-Soyer, and M. Sacchi, Phys. Rev. B
62, 4187 (2000).
43 T. J. Regan, H. Ohldag, C. Stamm, F. Nolting, J. Lu¨ning,
J. Sto¨hr, and R. L. White, Phys. Rev. B 64, 214422 (2001).
44 E. Pellegrin, M. Hagelstein, S. Doyle, H. O. Moser, J.
Fuchs, D. Vollath, S. Schuppler, M. A. James, S. S. Sax-
ena, L. Niesen, O. Rogojanu, G. A. Sawatzky, C. Ferrero,
M. Borowski, O. Tjernberg, and N. B. Brookes, phys. stat.
sol. (b) 215, 797 (1999).
45 B. T. Thole, P. Carra, F. Sette, and G. van der Laan, Phys.
Rev. Lett. 68, 1943 (1992).
46 P. Carra, B. T. Thole, M. Altarelli, and X. D. Wang, Phys.
Rev. Lett. 70, 694 (1993).
47 S. Celotto, W. Eerenstein, and T. Hibma, Eur. Phys. J. B
36, 271 (2003).
